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A study program w a s  conducted t o  provide guide- 
l i n e s  f o r  t h e  design of -integrated micropower log ic  
c i r cu i t s .  Constraints of m a x i m  resistance,  prop- 
agation time, and minimum power at frequencies 
below 130 kcps were imposed. 
Diode-Transistor Logic offered t h e  bes t  trade-off 
performance within these  cons t ra in ts  and state-of- 
the-ar t  f ab r i ca t ion  technology. Compatible "NAND 
and NOR" ga tes  and f l i p - f lops  a r e  f eas ib l e  at f r e -  
quencies ranging from 1 kcps t o  150 kcps at power 
dra ins  of 10 t o  350 microwatts. 

INTRODUCI'ION 

Complementary Resistor- 
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One of t h e  most s ign i f icant  advances i n  elec- 
t ron ic s  i n  t h e  pas t  few years has been t h e  develop- 
ment of microelectronic technology. Diffused 
s i l i c o n  c r y s t a l  subs t ra tes  have replaced many d is -  
c r e t e  component c i r cu i t s ,  reducing the  s i ze  of 
e lec t ronic  systems. By c lose ly  controlled processing 
of t he  in tegra ted  s i l i c o n  c i r cu i t s ,  an increase i n  
r e l i a b i l i t y  over d i sc re t e  component c i r c u i t s  i s  
expected. 

Spacecraft  e lec t ronics  instrumentation w i l l  
a l s o  benef i t  from t h e  reduction of weight and s i z e  
as  wel l  as from t h e  increase  i n  r e l i a b i l i t y .  This 
appears t o  be obvious, but unfortunately the  advan- 
tage of weight and s i ze  is  slow t o  be f u l l y  u t i l i zed .  
There has been a l imi ted  implementation of micro- 
e l ec t ron ic s  i n t o  analog functions such as rece ivers  
and t r ansmi t t e r s  and a one-for-one subs t i t u t ion  of 
equivalent microelectronic functions i n t o  ex is t ing  
spacecraft  designs w i l l  n e i the r  s ign i f i can t ly  reduce 
weight nor volume. Spacecraft e lec t ronic  instrumen- 
t a t i o n  designed within t h e  cons t ra in t  of ava i lab le  
microelectronic functions w i l l  o f f e r  l imi ted  weight 
and s i z e  advantages. I n  most cases, those functions 
reducible t o  microelectronics do not cons t i t u t e  a 
major pa r t  of t h e  spacecraftj  therefore,  it i s  
usua l ly  more bcne f i c i a l  t o  u t i l i z e  the  gain in 
space t o  d d  more e lec t ronic  capabi l i ty .  

There i s  a n  a rea  where advances i n  microelec- 
t ron ic s  would serve  t o  s ign i f i can t ly  reduce t h e  
weight and s i z e  of spacecraft .  If the  power con- 
sumed by e l ec t ron ic  instrumentation could be reduced, 
t h i s  would serve t o  reduce ba t t e ry  and so la r  c e l l  
requirements, both s ign i f i can t  contributors t o  
spacecraft  weight and bulk. 

Microelectronic d i g i t a l  c i r c u i t s  a r e  ava i lab le  
in many forms of  l og ic  and are applicable t o  many 
systems employed i n  spacecraft  telemetry and pru- 
graming. However, a review of t h e  log ic  forms and 
power consumption quickly discourages use of many 
of these  func t ions  except i n  i so l a t ed  cases.  The 
computer o r i en ta t ion  of microelectronic log ic  has 
emphasized speed only.  
been given t o  t h e  reduction of power consumed by 
these  c i r c u i t s .  

L i t t l e  o r  no a t t en t ion  has 

A survey of t h e  f i e l d  f o r  low power log ic  
showed t h a t  no thorough study had been conducted t o  
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evaluate the  various log ic  c l r c u l t s .  In converi- 
t i o n a l  c i r c u i t r y  the t rend  w a s  toward complementary 
log ic .  The lack  of da ta  on micropower log ic  c i r c u i t s  
and t h e  need f o r  micropower d l g i t a l  l og ic  c i r c u i t s  
i n  spacecraft  st imulated the  i n i t i a t i o n  of a program 
t o  evaluate the  various log lc  schemes and t o  imple- 
ment these  c i r c u i t s  In to  s ta te -of - the-ar t  micro- 
e l ec tmnics .  The evaluation w a s  l imited t o  a study 
of performance var ia t ions  of d i g i t a l  c i r c u i t s  i n  
t yp ica l  spacecraft  environment - and the  appl ica t ion  
and implementation of these c i r c u i t s  i n t o  microelec- 
t ron ics  by ex is t ing  and proven technology. 
purpose of t h i s  evaluation w a s  t o  e s t ab l i sh  minimum 
power d ra in  capab i l i t i e s  within t h e  cons t ra in ts  of 
rad ia t ion  damage, ava i lab le  spacecraft  voltages, 
fan-out, fan-in, swi t ch iw  speed, l og ic  leve ls ,  
operating temperatures, and compatibil i ty of the  
logic c i r c u i t s  t o  be developed. 

The 

The purpose of t h i s  paper i s  t o  present t he  
r e su l t s  of t h i s  program and the  proposed follow-on 
studies.  Seven bas ic  log ic  c i r c u i t s  were studied. 
They were Direct Coupled Trans is tor  Logic (DCTL), 
Resistor-Transistor Logic (RTL), Resistor-DFode- 
Transistor Logic (RUTL), Eh i t t e r  Coupled Trans is tor  
Logic (ECTL), Transistor-Transistor Logic (TTL), 
Diode-Transistor Logic (M'L), and Complementary 
RDTL. The de ta i l ed  c i r c u i t  evaluations were per- 
formed by the  Sperry Semiconductor Division of t h e  
Sperry-Rand Corporation under NASA 
Contract NASl - 2179. 

Fmploying worst-case design c r i t e r i a ,  each of 
the above c i r c u i t s  w a s  evaluated t o  determine com- 
parative performance r e l a t i v e  t o  power dra in  and 
propogation t i m e .  Next, t h e  most promising c i r c u i t s  
were evaluated i n  d e t a i l  f o r  temperature and load 
charac te r i s t ics  and f i n a l l y  t h e  s ing le  most promising 
c i r cu i t  1s discussed i n  d e t a i l .  The ga te  c i r c u i t s  
are shown i n  f igu re  1. The c i r c u i t  functions t o  be 
determined were NAND and NOR gates,  a universal  f l i p -  
flop, and applicable c i r c u i t s  t o  u t i l i z e  f l i p - f lops  
as  s h i f t  accumulators. 

The maximum res i s tance  VdUe6 were l imi ted  t o  
100,000 ohms t o  minimize t h e  e f f ec t  of radiation- 
induced leakage. Power-supply voltages a r e  l imi ted  
t o  multiples of p lus  o r  minus 1.35 Volts. Perform- 
ance of ga tes  and f l i p - f lops  w a s  t o  be inves t iga ted  
over t h e  temperature range from minus 5 5 O  C t o  p lus  
125O C. 
repe t i t ion  r a t e  were l e s s  than 1 microsecond and 
150 kcps, respectively.  

Target values f o r  propagation t i m e  and 

PRELIMINARY CIRCUIT EVALUATION - 
COMPARATIVE PhWORMANCE 

For Pnrh cnnfig>LrEtic?z invcctigate:, f L V  e g~i,es 
were b u i l t  and connected i n  a closed loop t o  form a 
ring osci l la tor .  Power dra in  ana propagation time 
per s tage  f o r  t h e  ring o s c i l l a t o r  a r e  used as per- 
formance criteria.  The curves i n  figure 2 a r e  a 
summary of t he  r e s u l t s  of t h i s  t e s t  f o r  each con- 
f igura t ion .  Component values for  t h e  ga tes  were 



P 

optimized by use of the  worst-case design equations. 
Basic c i r c u i t s  are shown i n  f igu re  1. 

It i s  not readi ly  apparent from t h e  curves i n  
f igu re  2 which of t h e  c i r c u i t  configurations i s  
b e t t e r .  RTL, DCTL, and RDTL a r e  eas i ly  eliminated. 
The excessive power d ra in  of RTL i s  su f f i c i en t  f o r  
elimination. DCTL i s  subject t o  current "hogging" 
and RDTL must be operated at  low voltages t o  obta in  
t h e  curve in  f igu re  2. Operation of RDTL a t  low 
voltages makes it sens i t i ve  t o  r e s i s t o r  and t r ans i s -  
t o r  be ta  var ia t ions .  Although TTL appears t o  be 
optimum, the requirements of low inverse be ta  t o  
prevent current hogging must be studied i n  d e t a i l .  
ECTL shows no improvement i n  performance over IYTL 
and i s  more complex both i n  t h e  ga te  and f l i p - f lop  
Configuration. Therefore, IYTL w i l l  be studied i n  
d e t a i l .  CRDTL appears a t t r a c t i v e  by v i r tue  of t h e  
ease by which NAND and NOR ga tes  may be designed. 
I n  addition, s ign i f i can t  power reduction i s  achieved 
without d r a s t i c  reduction i n  supply voltages.  
requirements per  fan-out must be studied as they 
appeared t o  be excessive. 

Beta 

The r e su l t s  of t h e  preliminary study eliminated 
a l l  but TIL, DTL, and CRDTL. A tabula ted  review of 
t e s t  parameters i s  shown i n  t ab le s  1 and 2. I n  
order t o  a sce r t a in  t h e  optimum c i r c u i t  with t h e  
cons t ra in t  ou t l ined  i n  t h e  introduction, a de t a i l ed  
study of the  ga t ing  and f l i p - f lop  functions over 
temperature and frequency is  necessary. The evalua- 
t i o n  of  TTL, IYIL, and CRDTL d i g i t a l  c i r c u i t s  w a s  
based on the  der iva t ion  of minimum power dra in  
gates,  f l ip - f lops ,  and power dr ivers .  The f l i p -  
f l ops  should have a d-c s e t  o r  r e se t  and a-c s e t s  
and rese ts .  NAND and NOR ga tes  must be designed. 
I n  addition t o  the  cons t ra in ts  ou t l ined  at  the  
beginning of t h i s  paper, be t a  requirements per fan- 
out were studied. F ina l  se lec t ion  of t h e  d i g i t a l  
c i r c u i t  was based on performance va r i a t ion  s tudies  
as a function of component var ia t ions  and loading 
Charac te r i s t ics  at  constant power dra in  - and propa- 
ga t ion  time as a function of var iab le  power dra in .  

CIRCUIT PERFORMANCE VARIATONS 

The th ree  c i r cu i t s ,  IYIL, TTL, and CRDTL, 
se lec ted  f o r  de t a i l ed  evaluation were designed t o  
employ the same t r a n s i s t o r s .  
ranges of be ta  were used cons is ten t ly  throughout 
t h i s  phase of t h e  study. 
ga tes  and f l i p - f lops  under load and over temperature 
excursions a r e  of prime i n t e r e s t .  Each of t he  log ic  
c i r c u i t s  under study w a s  used t o  form NAND and NOR 
ga tes  and f l i p - f lops  where possible.  

Complementary Resistance Diode Logic (CRDTL) 

Trans is tors  with three  

Performance var ia t ions  of 

Complementary FUYI'L ga tes  as shown i n  f igu re  1 
were not designed t o  be t r u l y  complementary. 
applied voltages a re  t o  be kept below 3 o r  4 vol t s ,  
t h e  design of an exact complementary ga te  with 
design c r i t e r i a  t o  provide equal base cur ren ts  and 
turn-off voltages i s  not f eas ib l e .  This i s  due t o  
t h e  conf l ic t ing  be ta  requirements f o r  t h e  t r ans i s -  
t o r s  and var ia t ions  i n  t r a n s i s t o r  turn-off voltages.  
R 1  i n  f igu re  l ( f )  was varied t o  achieve nearly 
equal base cur ren ts  and turn-off voltages which 
yielded nearly equal t r a n s i s t o r  be t a  requirements 
per fan-out. The compromise complementary c i r c u i t s  
a r c  shown i n  f igure  5 with tabula ted  values of 
c i r c u i t  parameters. Res is tor  to le rances  were 
var ied  from plus  o r  minus 10 percent t o  plus o r  
minus 5 percent f o r  t h i s  design t o  determine t h e  

I f  

e f f ec t  of changing t h i s  design c r i t e r i a  on c i r c u i t  
performance. It w a s  f e l t  t h a t  an inves t iga t ion  Of 

t he  performance cha rac t e r i s t i c  of one o r  two designs 
would o f f e r  g rea t e r  ins ight  i n t o  performance l i m i -  
t a t i o n  not i m e d i a t e l y  apparent. The c i r c u i t  param- 
e t e r s  shown i n  f igure  5 were chosen f o r  a typ ica l  
design. The power dra in  of t h i s  ga te  i s  approxi- 
mately 500 microwatts. Lower power dra in  ga tes  Can 
be achieved with increased res i s tances  but  t he re  
would be  a subsequent decrease i n  switching speed. 
For the  ga te  t e s t s  a group of l i m i t  samples w a s  
se lec ted  t o  determine t h e  e f f ec t  of t r a n s i s t o r  
storage time, frequency response, and be ta  on C i r -  
cu i t  performance. 

Figures 6 and 7 show r i s e  and f a l l  times f o r  
"speedup" capacitance values of 15 and 50 pelf f o r  
complementary NAND and NOR ga tes .  
formance due t o  t r a n s i s t o r  beta,  storage time, and 
loading conditions a re  a l so  shown. Worst-case con- 
d i t i ons  a r e  shown i n  f igure  8 with speedup 
capacitance values of 30 and 75 ppf. 

Variations Of per- 

The CRDTL f l i p - f lops  were designed around the  
c i r c u i t  i n  f igu re  9. I t  i s  a standard configuration 
u t i l i z i n g  speedup capacitance and conventional 
s teer ing .  
drain,  r epe t i t i on  ra te ,  and loading cha rac t e r i s t i c  
with ga tes  a r e  also shown. 
cha rac t e r i s t i c s  over temperature a re  shown i n  f ig -  
ure 10 f o r  pulse and square wave operation. 
performance over temperature w a s  obtaineil with values 
of 50 ppf f o r  C l  and 75 ppf f o r  C 2 .  Power dra in  
i s  approximately 250 rriicrowatts . 
Diode-Transistor Logic 

The values t h a t  permitted t h e  bes t  power 

Worst-case operating 

Optimum 

The ga te  configuration shown i n  f igu re  l ( e )  
exhibited t h e  most preferab le  trade-off between 
be ta  requirements, noise margin, propagation time, 
and power d ra in  f o r  IYTL. 
evaluation of performance var ia t ions  i s  shown i n  
f i gu re  11. 
nat ion  of maximum and minimum betas  with maximum 
and minimum s torage  times. 
switching speed of t he  t w o  coupling diodes i s  a lso 
considered. The t a b l e  i n  f igu re  11 i s  a r e s u l t  of 
t e s t s  of various diodes i n  the  DTL configuration. 
Propagation time versus ternperature measurements 
were made f o r  combinations of t r a n s i s t o r s  and 
coupling diodes. Figure 12 shows the  propagation 
time f o r  t he  300-nanosecond recovery time diodes. 

The IYIL f l i p - f lops  a r e  e s sen t i a l ly  two cross- 
coupled IYTL ga tes  with associated s t ee r ing  networks. 
Two c i r c u i t s  considered a r e  shown i n  f i gu re  13. 
Col lec tor  supply voltage l eve l s  of 2.7 vo l t s  were 
used throughout. 
a r e  also shown; however, they were not optimized. 
Performance of t h e  f l i p - f l o p  as a function of tem- 
pera ture  and t r a n s i s t o r  var ia t ions  i s  shown i n  f ig -  
u re  14. The f l i p - f l o p  i n  f igu re  l j ( b )  was a l so  
evaluated and r e su l t ed  i n  higher operating f r e -  
quency. However, t he  noise margin prohib i t s  fu r the r  
consideration a s  discussed e a r l i e r  unless operating 
frequency i s  of paramount importance. 
power d ra in  f o r  t h e  f l i p - f l o p  i s  >80 microwatts. 

Trans is tor -Trans is tor  Logic (TTL) 

The design se lec ted  f o r  

Trans is tors  were employed with a combi- 

'The e f f e c t  of t h e  

Design values f o r  f igu re  13 (a )  

The lowest 

The TTL configuration under t e s t  i s  shown i n  
f igu re  l ( c ) .  The most s ign i f i can t  problem with 'ITL 
i s  t h e  r e l a t ionsh ip  of inverse be ta  and base bleed- 
off cur ren t .  The TTL configuration seemed t o  have 
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Circui t  type 

Direct coupled 

Complementary 
Single t r a n s i s t o r  gate  

TAPLE 1.- SUMMARY OF LOGIC CIRCUIT TEST RESULTS 

Propagation 
time 
Stage 

0.5 psec 
.5 psec 
.5 psec 
.5 psec 
.5 psec 
.5 psec 
.5 psec 
.5 psec 
.5 psec 
.5 psec 

Ci rcu i t  

T ~ L  
DCTL 

ECTL 

CRDrL 
RDTL 
DTL 

3 
4 
3 
3 
3 

75K 
75K 

1 8 0 ~  
75K 

lOOK 

Ci rcu i t  

RTL (modified) 

0.5 psec 
.6 psec 
.&3 psec 
-36 psec 
.58 psec 

1.22 psec 
.35 psec 
.25 psec 
. l7  psec 
.18 psec 
.4 psec 
.3 psec I 

110 pW 200 mv 
220 pW 250 mv 
216 pw 250 mv 
178 pW 100 mv 
210 pw 700 mv 
95 pW 200 mv 

450 pW 350 mv 
250 pW 150 inv 

1000 pW 500 mv 
385 pW 200 mv 
405 pW 400 mv 
395 pw 600 mv 

200 mv 
250 mv 

100 mv 
250 KW 

700 mv 
350 mv 
500 mv 
200 mv 
400 mv 
600 mv 

3.5 at N = 5 
7.5 a t  N = 3 
6.5 a t  N = 5 
2.0 a t  N = 5 
5.5 at N = 5 
9.0 

11 .o 
4.0 
6.0 
5.0 

TABLE 2.- SLTMMAKY OF LOGIC CIRCUIT TEST RESULTS 

Fai- in  Max;;; R 

3OK 
48K 

3 36K 

, 

Beta/N Fan-in I Propagation 
Circui t  type 

Direct coupled 

Complementary 

ing le  t r a n s i s t o r  gat 

3.5 a t  N = 5 
7.5 a t  N = 3 
6.5 a t  N = 5 
2.0 a t  N = 5 
5.5 a t  N = 5 
4.0 a t  N = 6 

10.0 
12.0 
11.0 

4 .O 
6.0 
5.0 

3 
3 
3 
3 
3 
3 
3 
3 
4 
3 
3 
3 

laximum : 

I’ 
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conf l ic t ing  requirements of forward and inverse 
be ta .  Three groups of ga t e  t r a n s i s t o r s  were 
se lec ted  with ranges of inverse be ta  of 0.5 t o  0.7, 
0.2 t o  0.3, and 0.1 t o  0.15, and ranges of forward 
be ta  of 75 t o  100, 20 t o  40, and 10 t o  20, respec- 
t i ve ly ,  and a re  re fer red  t o  as high-, medium-, and 
low-range t r ans i s to r s .  M i n i m u m  turn-off voltages 
f o r  ranges of fan-out and fan-in a re  shown i n  f ig -  
ure  15. Figure 16 shows percentage of maximum base 
current var ia t ions  as a function of ga te  fan-in and 
fan-out f o r  each of t h e  inverse be t a  ranges inves- 
t iga ted .  I n  f igure  17 is  shown r i s e  and f a l l  time 
propagation time re la t ionship  versus temperature 
f o r  conditions where the  r i s e  and f a l l  times above 
have been optimized f o r  propagation time with be ta  
and storage time var ia t ions .  

Since t h e  TTL f l i p - f l o p  i s  a direct-coupled 
c i r cu i t ,  t h e  output voltage i s  qui te  small. It i s  
also qui te  complex. It may be analyzed by u t i l i z i n g  
T I L  ga te  data.  Frequency of operation was i n  excess 
of 100 kc. However, t he  power dra in  and complexity 
ruled out W L  f l ip - f lops .  

CONCLUSION 

The c i r c u i t s  and parameters a r e  not necessar i ly  
t h e  design recommended. The in ten t ion  3f t h i s  study 
w a s  t o  evaluate performance var ia t ions  as a function 
of power drain,  component variation, and loading. 
The evaluation then permits se lec t ion  of an optimum 
log ic  c i r c u i t  design with the  cons t ra in ts  ou t l ined  
at the  beginning of t h i s  paper. 

From t h e  data, T I L  permits t he  lowest power 
dra in  and exhibited consistent performance over 
temperature. However, low inverse be t a  requirements 
and low turn-off voltages f o r  t h e  ga tes  severely 
a f f ec t  base current var ia t ions  and noise immunity. 
There a re  conf l ic t ing  requirements of low inverse 
be ta  t o  prevent base current reduction and high for -  
ward be ta  t o  provide low o f f s e t  voltages t o  minimize 
the  turn-off voltage problem. I n  addition, r i g i d  
component se lec t ion  and t h e  complexity of t he  f l i p -  
f l o p  cons t i tu te  serious drawbacks. The TTL f l i p -  
f l o p  requires the equivalent of e ight  ga tes  and the  
power dra in  i s  subsequently qu i t e  high and prohib i t s  
t he  use of a-c s teer ing  networks due t o  the  d i r e c t  
coupling required. 

Diode-transistor l og ic  and complementary 
resistance-diode-transistor l og ic  (RDTL) permit 
a-c coupling. DTL cons is ten t ly  showed poor per- 
formance at  low voltages and over temperature 
excursions. I n  addition, NAND and NOR ga tes  a r e  
not d i r e c t l y  ava i lab le  i n  the  bas ic  DTL configura- 
t i on .  Flip-flops employing a-c s teer ing  a r e  ava i l -  
able and may be adapted t o  a s h i f t  accumulator, but 
t h e  performance over temperature i s  poor. 

Complementary RDTL does permit NAND and NOR 
functions t o  be eas i ly  fabr ica ted  with s imi la r  
design and performance cha rac t e r i s t i c s .  The 
v e r s a t i l i t y  of t he  complementary ga te  allows 
g rea t e r  f l e x i b i l i t y  i n  design. This includes a 
readi ly  available inver ted  pulse t o  drive addi t iona l  
NAND and NOR gates.  Trans is tors  switching on f o r  
each log ic  level. i n  complementary RDTL allows 
speedup of fa l l  times, enhancing switching speeds. 
The worst-case propagation time degrades at  high 
temperature, but no t  as  badly as DTL. Noise immu- 
n i t y  i s  b e t t e r  than TTL. Fan-out requirements 

impose a high be ta  requirement on complementary 
p a i r  t r ans i s to r s ,  but it i s  not prohib i t ive .  

The complementary f l i p - f l o p  i s  less complex 
than two ga tes  and has considerably less power dra in  
than  t h e  o ther  f l i p - f lops  considered. Finally,  a-c 
s e t  and r e se t  a r e  possible and s h i f t  accumulator 
fea tures  a r e  readi ly  ava i lab le .  Therefore, within 
t h e  cons t ra in ts  ou t l ined  e a r l i e r  i n  t h i s  paper, 
complementary RDTL log ic  appears t o  o f f e r  t he  bes t  
performance cha rac t e r i s t i c s .  As  operating f r e -  
quencies a r e  increased above 200 kcps, DTL appears 
t o  o f f e r  b e t t e r  performance t rade-of fs .  A t  f r e -  
quencies i n  excess of 1 megacycle per second, DTL 
probably o f f e r s  t h e  bes t  performance cha rac t e r i s t i c .  

The implementation of these  c i r c u i t s  i n t o  
usable microelectronic hardware must be considered. 
The requirements of complementary NPN/PNP high beta,  
low-current t r a n s i s t o r s  i s  not cons is ten t  with the  
s t a t e  of t h e  art  i n  single-chip in tegra ted  c i r c u i t s .  
Complementary t r a n s i s t o r s  with high be tas  at  low 
currents a r e  d i f f i c u l t  t o  f ab r i ca t e  but  they a r e  
ava i lab le .  
aging were t h e  maximum number of semiconductor chips 
which may be u t i l i z e d  t o  f ab r i ca t e  the  ind iv idua l  
l og ic  c i r c u i t s  and t h e  packaging configuration. 

The only cons t ra in ts  imposed upon pack- 

The complementary ga tes  and f l i p - f lops  w i l l  be 
constructed by proven technology. 
of semiconductor in tegra ted  components w i l l  be 
employed and interconnection w i l l  be thermocompres- 
s ion  banded gold wires. 
h i b i t s  a single-chip approach. Beta cont ro l  of NPN 
s i l i c o n  planar t r a n s i s t o r s  during f ab r i ca t ion  i s  
r e l a t ive ly  easy while PNP i s  not. A s  t h e  b e t a  i s  
increased, cont ro l  during doping becomes more d i f -  
f i c u l t  and again t h e  PNP t r a n s i s t o r  su f fe r s  more 
than the  NPN. This becomes even more d i f f i c u l t  with 
t r a n s i s t o r s  of high be ta  a t  low current.  Fabrica- 
t i o n  of single-chip PNP/NPN planar complementary 
devices involves problems of s e l ec t ive  epitaxy, 
p rec i se  emi t te r  d i f fus ion  control, and se l ec t ive  
cleaning processes which a r e  d i f f e ren t  f o r  NPN and 
PNP surfaces.  Today no so lu t ion  e x i s t s  f o r  these  
problems. It i s  f e l t  t h a t  NPN/PNP complementary 
high-beta, low-current devices can bes t  be f ab r i -  
cated by i s o l a t i o n  d i f fus ion  techniques. 
techniques a r e  not y e t  amenable t o  in tegra ted  c i r -  
c u i t  designs with s t r ingen t  requirements f o r  low 
and s t r a y  capacitance. The p a r a s i t i c s  i n  i s o l a t i o n  
d i f fus ion  technology a l s o  contribute t o  undesired 
power drain.  For these  reasons, it w a s  f e l t  t h a t  
a multi- integrated chip approach would be t h e  most 
expedient. 

Separate chips 

The s t a t e  of t h e  art  pro- 

These 

cb 

F ina l  spec i f ica t ions  have not been determined, 
bu t  i n i t i a l  guidelines f o r  f l i p - f l o p  and ga te  f ab r i -  
ca t ion  have been formed. 
be fabr ica ted  employing a maximum of th ree  chips per  
ga te .  
chips.  

The "E and NOR ga tes  w i l l  

The f l i p - f lops  w i l l  u t i l i z e  a max imum of s i x  

This i s  only t h e  f i r s t  s t ep  t o  u l t imate  in t e -  
g ra t ion  of complementary RDTL i n t o  single-chip 
in tegra ted  c i r c u i t s .  
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